A root-specific bZIP transcription factor is responsive to water deficit stress in tepary bean (Phaseolus acutifolius) and common bean (P. vulgaris) 
Introduction
Major droughts and decreased availability of water throughout the world, is one of the most significant abiotic stresses for plants. Drought stress affects plant growth and development, as well as yield (Boyer, 1982; Tabaeizadeh, 1998; Neill and Burnett, 1999) and makes plants more susceptible to other kind of stresses by lowering the adequacy of the defensive mechanisms (English-Loeb, 1990) . To overcome these stresses, plants develop adaptive strategies at morphological, physiological, cellular, and metabolic levels, which allow them to survive and succeed. These adaptive responses are modulated by sets of specific genes whose products allow plants to avoid the stress or become tolerant.
Drought-tolerant plants constitute a good source of genetic traits to improve agronomically important plants such as the legume P. vulgaris (common bean). Common bean is the most important food legume grown worldwide (Ramirez-Vallejo and Kelly, 1998) . A major constraint to bean production in many developing countries is drought; for instance, 73% of the area planted to beans in Latin America is semi-arid (Laing et al., 1984) . There is some variability within P. vulgaris for drought resistance (Terán and Singh, 2002) ; however, the best example of a legume adapted to grow in arid conditions is tepary bean, P. acutifolius. This annual is more heat and drought tolerant than common bean, produces seeds of high protein quality suitable for human consumption (Miklas et al., 1994) , and has resistance to bacterial diseases (Garvin and Weeden, 1994) . The physiological and biochemical basis for the relative drought tolerance of P. acutifolius has been investigated with respect to proline accumulation (LazcanoFerrat and Lovatt, 1999) and antioxidant biosynthesis (Türkan et al., 2005) . However, there have been no studies on the comparative responses of P. acutifolius and P. vulgaris to drought stress at a molecular genetics level. Graft experiments among cultivars of P. vulgaris linked seed yields to specific root genotypes during drought stress (White and Castillo, 1989) . Roots are usually the plant organs where signals for changes in water availability are first perceived (Neill and Burnett, 1999) . Investigations of water deficit-stress responses in roots of P. acutifolius and P. vulgaris are expected to detect stress-adaptive responses.
The list of drought-responsive genes grows bigger and bigger every year and at present there are a number of reviews describing these genes (O'Connell, 1995; Harrak et al., 1999; Neill and Burnett, 1999; Uno et al., 2000; Ndima et al., 2001; Bray, 2002) . Drought-responsive genes have been grouped into different classes according to their possible function; for examples, genes whose products will be involved in regulation of gene expression, metabolism, ion sequestration, protection, and osmolyte synthesis have been identified (Bray, 1993) . However, there are also a number of drought-responsive genes whose sequences have no similarities to other genes.
Transcription factors play crucial roles in almost all biological processes. In plants, basic region/leucine zipper motif (bZIP) transcription factors regulate processes including pathogen defence, signalling, seed maturation, and flower development (Jakoby et al., 2002) . Gene transcription levels for proteins involved in signal transduction pathways such as transcription factors are altered by drought stress (Neill and Burnett, 1999; Uno et al., 2000; Bray, 2002) . Studies on the role of abscisic acid in the dehydration response in vegetative tissues of Arabidopsis and barley have shown that this response is mediated by bZIP transcription factors (Uno et al., 2000; Xue and Loveridge, 2003) .
This study is a report on the isolation and characterization of a water deficit-responsive bZIP transcription factor. The genes for this transcription factor were isolated from two species, Phaseolus acutifolius and P. vulgaris. The expression was characterized at the RNA and protein levels and the sites of accumulation were determined. These studies were undertaken to identify the genetic basis for the drought-resistance phenotype of Phaseolus acutifolius.
Materials and methods

Plant materials and growth conditions
Seeds from Phaseolus acutifolius, O'Odham Brown variety (Native Seeds, Schomberg, Ontario, Canada) and P. vulgaris, cv. Negro Jamapa (Dr Miguel Lara, UNAM) were germinated and grown in 10 inch pots, in a mix of three equal parts of perlite, Metro-Mix 360, and vermiculite, with an average day/night temperature of 29/ 22 8C in a greenhouse at New Mexico State University. Osmocote 14-14-14 was added as fertilizer and the plants were watered every other day up to early flowering stage. These plants were then used for water deficit-stress treatments.
The water-deficit experiments consisted of two sets of plants. One set was watered every other day while water was withheld from the other set of plants. Leaf water potential measurements were taken on both sets of plants using a Scholander pressure bomb at daily or alternate-day intervals. In multiple experiments, leaf water potentials in P. vulgaris reached stressed levels (ÿ2.1 to ÿ2.4 mPa) ;5 d after water was withheld, while P. acutifolius plants did not reach these leaf water potentials until 10 d after irrigation was withheld. Root tissues (from the apical meristem to the elongation zone) were harvested from both sets of plants at the indicated number of days after initiation of water stress. Samples were immediately frozen in liquid nitrogen and kept at ÿ80 8C until total RNA was isolated. For cold-stress experiments plants were placed in the cold room at 4 8C for 24 h or 48 h, and then root samples were collected.
Nucleic acid isolation and analysis
Genomic DNA and RNA were isolated as described by Aluru et al. (2003) . Southern blots were generated using standard methods for alkaline transfer onto nylon membranes, and then neutralized in 0.5 M Na 2 HPO 4 pH 7.2; RNA blots were prepared using 103 SSC for transfer. Radiolabelled probes were synthesized by oligolabelling; the probe was boiled and added to the prehybridization solution (1% BSA, 1 mM EDTA, 0.5 M Na 2 HPO 4 pH 7.2, 7% SDS) in the bag with the membrane. Blots were hybridized for 18 h and then washed in several changes of 1 mM EDTA, 40 mM Na 2 HPO 4 pH 7.2, 1% SDS. The first wash also contained 3% fish gelatine and 5% SDS. The hybridizations and washes were at 65 8C. The X-ray films from the northern blots were scanned to quantify the signal of each gene. The hybridization signals were normalized using scans of the RNA detected in each lane stained with ethidium bromide.
Construction and screening of cDNA libraries
Poly(A)
+ mRNA was purified from total RNA by one round of oligo(dT) cellulose selection with the Ambion Micro Poly(A) PureÔ as described in the manufacturer's manual; this mRNA (6 lg) was then used to synthesize cDNA. The cDNAs from each species were fractionated in a Sepharose CL-2B column. cDNAs ranging from 0.9 to 4.0 kb were used to construct each cDNA library in UNI-Zap XR (Stratagene). The cDNA library was plated at 50 000 pfu per plate. Plates were incubated at 37 8C from 7 h to overnight until plaques were visible. Nylon membrane replica filters were hybridized with [
32 P]dCTP-labelled cDNA from either water deficit-stressed or non-stressed plants. The plaques that hybridized strongly to cDNA from water deficit-stressed or control plants were purified.
DNA sequencing and analysis
Plasmid templates were sequenced at the New Mexico State University DNA sequencing facility using dideoxy termination sequencing methods with the products resolved on a Li-Cor DNA sequencer. DNA sequence files were edited and aligned using DNAstar or Sequencher software. Sequences were aligned to the sequences in the non-redundant GeneBank database with the BLAST X algorithm version 2.0.12 (Altschul et al., 1997) .
Expression of the P. acutifolius bZIP in Escherichia coli
The AffinityÔ LIC cloning (Stratagene) was used to express the bZIP transcription factor. Primers were designed with the nucleotide sequence of the bZIP open reading frame (ORF) and included the pCAL-n-FLAG vector specific sequences (12-and 13-nt) added to the 59 end. The forward primer (bZIPEXPF: GACGACGACAA-GATGGTTCCTAGTGAGATAAGA) included the start codon (ATG) of the ORF, and the reverse primer (bZIPEXPR: GGAA-CAAGACCCGTTCATTCATGAATCATGTCTGC) included the stop codon (ATT). The PCR-amplified product, a single band of 665 bp, was purified, treated with Pfu DNA polymerase, ligated into the pCAL-n-FLAG vector and transformed into SoloPack Gold Supercompetent cells (Stratagene). After DNA sequence confirmation, this plasmid DNA was used to transform competent cells from the expression strain BL21-CodonPlusÔ (Stratagene).
Cell cultures [BL21-Codon-Plus (DE3)-RIL transformants] were grown at 37 8C to 0.5-0.7 OD (595 nm). The cultures were cooled on iced water to ;16 8C, induced with 0.3 mM IPTG and incubated at 16 8C overnight. Cells were harvested by centrifugation and proteins were extracted in CaCl 2 binding buffer (50 mM TRIS-HCl pH 8.0, 150 mM NaCl, 10 mM b-mercaptoethanol, 2 mM CaCl 2 , 1 mM phenylmethylsulphonyl fluoride as described in the manufacturer's manual. Purification of the recombinant 30 kDa protein was done by passing the cell lysates through a calmodulin affinity resin column as described by the manufacturer. The CBP-tag of the fusion protein was removed with thrombin after dialysis of the protein extracts in cleavage buffer [20 mM TRIS-HCl (pH 8.4), 150 mM NaCl, 2.5 mM CaCl 2 ] overnight at 4 8C with stirring. Samples were analysed on 15% (w/v) SDS-PAGE. Cleaved protein (1.2 mg) was cut out from the gel and used for the production of polyclonal anti-bZIP antibodies. Protein concentrations were estimated with the Bio-Rad protein assay reagent. Polyclonal antibodies against the P. acutifolius bZIP protein were generated in rabbits by a commercial firm (Robert Sargeant, Ramona, CA, USA).
Protein analysis and western blots
Cell lysates or protein samples were mixed with an equal volume of 23 SDS gel sample buffer [100 mM TRIS-HCl (pH 6.5), 4% (v/v) SDS, 0.2% (w/v) bromophenol blue, 20% glycerol (v/v)]. The samples were then heated at 95 8C for 5 min and centrifuged. Proteins were separated by gel electrophoresis in a 15% (v/v) acrylamide/BIS gel and detected by Coomassie Brilliant Blue staining.
Western blots were prepared and detected essentially as described earlier (Aluru et al., 2003) . Membranes were incubated with the primary anti-bZIP antibody diluted 1:2500 (v/v) in TBST [10 mM TRIS-HCl pH 8.0, 150 mM NaCl, and 0.1% (v/v) Tween 20] overnight at room temperature with gentle shaking, and washed three times with TBST for 5 min each. The antibody-antigen complexes were detected using goat anti-rabbit antibody tagged with alkaline phosphatase.
Histology
Sections (8 lm thick) were cut on a manual microtome and transferred to polylysine-coated slides. The slides were then incubated in an oven at a temperature of 55 8C for 15 min to ensure proper binding of the tissues to the slide. The paraplast was removed from the tissues with xylene; the samples were rehydrated and stained with safranin to check tissue integrity using a Leitz optical microscope.
For TEM specimens, root tissues were cut into ;1 mm pieces and processed for embedding in Spur's resin as described by Ghoshroy and Citovsky (1998) . Ultrathin sections (50-70 nm) were made with the Sorval MT-2 microtome, and transferred to coated nickel 200-mesh grids.
Immunohistochemical localization
Root tissues (8 lm sections) from control and water deficit-stressed plants were treated with the anti-bZIP polyclonal antibody diluted 1:2000 (v/v) and then with the biotinylated secondary antibody as described in the VIP Substrate Kit for Peroxidase (VECTOR Ò ). For subcellular immunolocalizations, ultrathin sections were incubated with the primary anti-bZIP antibody diluted 1:1000 and then incubated with the secondary antibody coupled to 12 nm colloidal gold particles diluted 1:50. The grids were washed and incubated in 5% (w/v) uranyl acetate and post-stained with Pb(OH) 2 . These sections were analysed on a Hitachi H-7000 TEM, at medium (312 000-15 000) and high magnification (330 000). To evaluate labelling intensity, seven micrographs of each sample were visually inspected and the number of gold particles was counted in root cell and subcellular sites.
In situ mRNA hybridization Root tissues for in situ hybridization from control and water deficitstressed plants were harvested, washed with DEPC-treated sterile water once, and immediately placed in fixation buffer [0.1 M phosphate buffer pH 7.2, 4% (v/v) paraformaldehyde] for 18 h at 4 8C. The fixed tissues were extensively washed with 0.1 M Na 2 HPO 4 pH 7.2. Dehydration and infiltration with Paraplast PlusÔ was done as described by Maliga et al. (1995) . Deparafinized root sections were pretreated with 1 lg ml ÿ1 proteinase K in 100 mM TRIS-HCl, pH 8.0 and 50 mM EDTA pH 8.0 at 37 8C for 30 min, postfixed in 4% paraformaldehyde for 30 min, rinsed, and dehydrated in ethanol. Digoxigenin-labelled sense and antisense riboprobes were generated with linear plasmid according to the manual of the DIG RNA labelling kit (Roche, Basel). The riboprobes were hydrolysed into fragments of about 150 nucleotides and used at a final concentration of 100 ng ml ÿ1 . Hybridization with sense and antisense riboprobes, washes, and detection were carried out as described by Wilkinson (1992) .
Results
Isolation and characterization of the bZIP gene from
Phaseolus species A cDNA library of transcripts from roots of water deficitstressed P. acutifolius (tepary) was differentially screened with cDNAs from roots of well-watered and water deficitstressed tepary plants. Approximately 40 clones were identified in this screen as very abundant in water deficitstressed transcripts and not detected in well-watered transcripts. The clone for the bZIP gene was one of these differentially expressed clones, the recombinant phage had an insert of 1100 bp. DNA sequence analysis of this clone indicated a full-length ORF with sequence similarity to bZIP transcription factors. The cDNA had a 59 untranslated region (UTR) of 52 bp and an ORF of 600 bp. The basic domain was composed of 11 basic amino acids (eight R and three K), indicated by the double underline in Fig. 1A . The leucine zipper domain was composed of the following amino acids L L L M V L L, underlined and in bold. These seven amino acids, five leucines, one methionine, and one valine, were spaced with exactly seven amino acids between each another. A transactivating proline-rich domain was also found at the amino-terminus; there were 10 proline residues within the first 58 amino acids.
The P. vulgaris bZIP transcription factor was isolated using the clone from the tepary library as a probe to screen root cDNA library from water deficit-stressed P. vulgaris Negro Jamapa. A single cDNA coding for this protein, with a size of 800 bp, was isolated. Sequencing results from this cDNA showed that this was a full-length cDNA, with a 59 UTR of 52 bp, an ORF of 600 bp, and a 39 UTR of 157 bp, plus the poly(A) + tail. The basic domain and the leucine zippers were found in the Negro Jamapa amino acid sequence (Fig. 1A) . Results from the alignment of the nucleotide sequences from the P. acutifolius and P. vulgaris bZIPs revealed a 98% similarity between both bZIPs and the amino acid sequences were 97% identical.
Both nucleotide sequences and their corresponding amino acid sequences were submitted to the GenBank database, P. acutifolius bZIP transcription factor accession number AY026054 and P. vulgaris accession number AF350505.
Multiple sequence alignment of the bZIP domain with 15 other bZIPs in Phaseolideae generated the cladogram presented in Fig. 1B . There was 48% amino acid identity and 64% similarity between the tepary bZIP and the closest protein, soybean bZIP CAA7168. The bZIP proteins from the different taxa were distributed throughout the cladogram. Class I and II bZIP proteins, as represented by Ph_vulg_AF402607 and Ph_vulg_AF402608, respectively, were well resolved into different clades. The two bZIP proteins presented here, as water deficit-responsive and root specific, clustered with class II bZIP proteins.
The P. acutifolius and P. vulgaris bZIP transcription factors belong to a small gene family Southern blots with DNA from tepary leaves restricted with BamHI, EcoRI, XbaI, XhoI, or HindIII, were hybridized to the P. acutifolius bZIP complete cDNA (1100 bp). The X-ray films of the hybridized membranes showed many bands hybridizing to the probe. Another Southern blot was made with DNA restricted either with the same restriction enzymes and hybridized to the ORF from the tepary bZIP transcription factor amplified by PCR with bZIP gene-specific primers. Results from these Southern blots showed that two bands hybridized in all the different restrictions (Fig. 2) . For P. vulgaris, there was a strong Fig. 2 . Genomic Southern analysis of the bZIP gene family. DNA (20 mg) from P. acutifolius (P. acut) or P. vulgaris (P. vulg) leaves was digested with EcoR1 (R1) or XbaI (Xba), electrophoresed on 0.8% agarose gel, blotted to nylon membranes, and probed with the coding region of bZIP transcription factor. The positions of DNA markers in kilobases are on the left. Amino acid sequence of root-specific bZIPs from P. acutifolius (P_ac) and P. vulgaris (P_vu). The basic domain is identified as the double-underlined sequence; amino acids in the leucine zipper motif are in bold and underlined. The amino acid identities between P. acutifolius and P. vulagris are indicated by dashes. (B) Cladogram based on the bZIP domains from 15 Phaseolideae proteins aligned by Clustal W1.82; the tree was generated by the Neighbor-Joining method. Root-specific bZIP from P. acutifolius Ph_acut_AY026054; from P. vulgaris, Ph_vulg_AF350505.
band and two minor bands hybridizing to the bZIP transcription factor. The results from Southern blot analysis in both plant species indicated that this bZIP transcription factor was a member of a small gene family.
Expression of transcripts for bZIP transcription factor
Northern blots with RNA from roots, stems, and leaves from control and water deficit-stressed P. acutifolius and P. vulgaris plants were hybridized with the cDNA clone for bZIP. In both species the transcripts for this gene were only detected in roots (Fig. 3) . For both species, there was a relatively rapid increase in accumulation of the transcripts for bZIP in response to water deficit. Within the first few days of withholding water, 2 d for P. acutifolius and 1 d for P. vulgaris, there were noticeable increases in the transcript abundances for this gene. The elevated transcript levels persisted throughout the water deficit-stress period in both plants. Phaseolus acutifolius was much more droughttolerant than P. vulgaris, hence the duration of the water deficit-stress period in this plant was twice as long, 10 d versus 5 d. Both plants had similar leaf water potentials at 5 d and 10 d, ÿ2.5 MPa. The relative abundance of the bZIP transcript in the water deficit-stressed plants was quantified by scanning the autoradiographs and normalizing the signal by the abundance of the ribosomal RNA. For both species, bZIP transcript increased 6-fold in the roots in the water deficit-stressed plant relative to the well-watered plant.
The expression of these genes was also studied in response to cold stress. Northern blots with total RNA (10 lg) from roots of control and 24 h cold (4 8C)-stressed plants were hybridized with the cDNA form of the bZIP. The mRNA accumulation of the bZIP transcription factor was increased in response to cold stress ;4.6 fold (data not shown).
In situ hybridizations were performed to determine which tissues in the root accumulated transcripts for this bZIP transcription factor. Signal was only detected when the anti-sense probe was used with root sections from water deficit-stressed plants (Fig. 4A) . Transcripts accumulated in cells in the epidermal layer and the vascular tissue (arrows, Fig. 4A, G) . No signal was detected when the sense form of the probe was used (Fig. 4C) or when roots from well-watered plants were hybridized with the anti-sense form of the probe (Fig. 5B) . These results confirm the pattern of transcript abundance observed on the northern blots (Fig. 3) .
Immunohistochemical localization of the P. actutifolius bZIP transcription factor
Immunoblotting was performed with extracts from roots of control and water deficit-stressed plants. The antibZIP antibodies reacted with a 30 kDa protein whose expression was shown to be induced by IPTG (Fig. 5) . The anti-bZIP antibodies also reacted with a protein in the root tissues with a molecular weight of about 30 kDa. The abundance of this protein was increased in roots from water deficit-stressed plants. Western blots with proteins extracted from leaves, flowers, and stems of control or water deficit-stressed plants had no detectable levels of bZIP protein (Fig. 5) .
The immunohistochemical localization of the bZIP transcription factor was carried out in 8-lm-thick crosssections of Paraplast Plus-embedded roots from control and water deficit-stressed plants from P. acutifolius. The primary anti-bZIP antibody was diluted 1:2500. The accumulation of the bZIP transcription factor was observed in the epidermis and vascular bundles of water deficitstressed roots. The accumulation was more intense in the vascular tissues, just between the xylem elements and in the cells of the phloem from roots of water deficit-stressed plants (Fig. 4D, F) . No signal was observed in the immunohistochemical analysis when the pre-immnune serum was used or in sections treated only with the secondary antibody (data not shown).
Subcellular localization of the bZIP transcription factor
Root cross-sections (0.5-1.0 lm) from the resin-embedded (Spurr's firm) roots were made and stained with 1% toluidine blue to check for tissue integrity after fixation and embedding. The well-preserved tissues were used for ultrathin sections that were subsequently stained with the antibody against bZIP and detected by staining with secondary antibody coupled to colloidal gold 12 nm Fig. 3 . Transcript accumulation of the bZIP transcription factor. RNA was isolated from roots, leaves or stems of either control or water deficitstressed P. acutifolius (P. acu) or P. vulgaris (P. vul) plants. The samples were collected from well-watered plants (C), or after the indicated number of days of water deficit stress. Following electrophoresis, total RNA (10 mg) was blotted and hybridized to the bZIP transcription factor. The EtBr-stained image is presented in the lower panels.
particles. The same cellular pattern of staining was observed in epidermal and vascular cells in the water deficitstressed roots, which had the biggest accumulation of bZIP. To quantify this observation, the number of gold particles in the cells in seven different cells of each tissue type was counted and the average number of gold particles determined (Fig. 6 ). This analysis was performed in crosssections of roots from control and water deficit-stressed P. acutifolius and P. vulgaris (Table 1) .
In P. acutifolius roots, water deficit-stress increased the abundance of the bZIP protein by over 2-fold in the nuclei of the epidermal and vascular cells. The signal abundance was greater in the epidermal cells; approximately twice as much bZIP protein was detected in the epidermal nuclei as in the vascular nuclei under control conditions. In P. vulgaris there was a similar trend, water deficit stress increased the abundance of the bZIP protein by 1.5-to 1.9-fold in the epidermal and vascular cells. The control levels of the protein were the same in the nuclei of the epidermal cells and the vascular cells. In addition to the nuclear localization of the bZIP antibody, there was a low level of staining in the cell walls of both cell types. No differences were observed in the number of gold particles in the cell walls from either species in control or water deficit-stressed samples. Fig. 6 . Subcellular localization of the bZIP transcription factor. Transmission electron micrograph of the nucleus in a root epidermal cell from water deficit-stressed P. acutifolius stained with bZIP antibody, and then detected with a secondary antibody conjugated to 12 nm colloidal gold particles (arrowheads). Scale bar=1.74 lm. Fig. 4 . Cellular localization of bZIP transcription factor in roots. In situ hybridization localization of the bZIP transcription factor mRNA in roots of P. acutifolius was performed with the bZIP antisense probe in cross-sections from a root of a water deficit-stressed (A), or control (B) plant. Panel (C) demonstrates the signal when the sense probe of the bZIP clone was used. Immunohistochemical detection of the bZIP transcription factor in crosssections of roots from water deficit-stressed (D) or control (E) P. acutifolius. Sections (8 lm) were stained with the bZIP antibody and then detected by alkaline phosphatase. Photographic enlargement and comparison of bZIP protein (F) and mRNA (G) accumulation in P. acutifolius roots. Arrows in panels A, D, F, and G indicate regions of bZIP RNA or protein abundance. All images were acquired with a 320 objective. Scale bars: A-E=200 lm; F, G=50 lm. 
Discussion
Differential screening of the cDNA library of water deficitstressed P. acutifolius roots allowed the identification of a cDNA for a novel bZIP transcription factor. The orthologue for this gene in P. vulgaris was then isolated and the two genes were compared. The identification of these genes as bZIP transcription factors was initially based on predicted amino acid sequence similarity to other plant bZIPs. In this report, it is demonstrated experimentally that root specificity and nuclear localization of the protein is, as expected, based on its predicted role as a transcription factor.
The complete amino acid sequence of the two bZIP proteins showed a 46% similarity to the HBF-1bZIP transcription factor from Glycine max over the entire sequence and a 64% similarity in the bZIP domain. The two characteristic domains of a bZIP transcription factor (Liu et al., 1999) were found in the amino acid sequence of both proteins described here. A domain rich in strongly basic (R/K) amino acids containing the nuclear localization signal was followed by the zipper domain composed of a heptad of leucines or similar amino acids (Jakoby et al., 2002) . A transactivating region rich in proline was also found at the amino-terminal region of this protein. These types of domains have also been found in other plant transcription factors like the A. thaliana GBF1 (Schindler et al., 1992) , and are known to cause transactivation of transcription of the chalcone (CHS) gene promoter in parsley (Petroselinum crispum) up to a 6-fold (SprengerHaussels and Weisshaar, 2000) . bZIP transcription factor genes are usually members of gene families (Kusano et al., 1995; Nantel and Quatrano, 1996; Yanagisawa, 1998) . The size of the root-specific bZIP gene family was estimated in both P. acutifolius and P. vulgaris to be at most three members, based on the complexity of the genomic Southern blot. The hybridization conditions of the Southern blot permitted detection of sequences with >84% sequence complementarity. There are clearly many more bZIP genes in each Phaseolus species (Fig. 1B) . These other members of the larger bZIP gene family are probably involved in very different processes.
RNA abundances for the bZIPs in both P. acutifolius and P. vulgaris were demonstrated to be root specific, and responsive to water deficit and cold stresses. For both species the level of transcript induction by water deficit was approximately 6-fold over control levels. In plants, bZIP transcription factors regulate processes including pathogen defence, light, and stress signalling, seed maturation, and flower development (Strathmann et al., 2001; Jakoby et al., 2002) . bZIP transcription factors have been found to be involved in intracellular signalling in response to water deficit (Neill and Burnett, 1999) . The expression of this root-specific bZIP transcription factor in water deficit-stressed P. acutifolius and P. vulgaris plants suggested that it might also regulate the expression of other water deficit-responsive genes.
The detection of bZIP protein on western blots and histological sections also demonstrated the water deficitresponsive nature of this gene product. Only two cell types in the root accumulated mRNA or protein for this gene, epidermal cells and phloem cells, either companion cells or phloem parenchyma cells. The protein was detected primarily in the nuclei of these cells as expected for a transcription factor. Both species accumulated similar levels of the protein in the same cell types.
This gene represents a novel root-specific transcription factor, which is likely to be involved in co-ordinating gene expression in response to water deficit stress. The cellspecific pattern of expression was the same in both Phaseolus species. It is likely then that the targets for this transcription factor would be genes whose expression is altered by water deficit in root epidermal and vascular cells.
Vascular-specific bZIP transcription factors have been identified in rice (Yin et al., 1997) , tobacco (Fukazawa et al., 2000) , and tomato (Torres-Schumann et al., 1996) . None of these genes are root specific, nor do they appear to be responsive to water deficit stress. Tobacco mutants suggest that the wild-type bZIP may regulate cell elongation through a modulation of endogenous levels of gibberellins (Fukazawa et al., 2000) . Similar stunted shoot growth phenotypes were observed in rice mutants (Yin et al., 1997) . One adaptive mechanism for droughtstressed plants is to increase root biomass at the expense of shoot growth (O'Connell, 1995) and, as reported by White and Castillo (1989) , root genotype/physiology is an important component in P. vulgaris for performance under water deficit stress. A transcription factor like the bZIPs described in this report could be modelled to increase root elongation in such an adaptive response. Table 1 . Effect of water deficit stress on nuclear localization of the bZIP transcription factor in epidermal and vascular tissues in roots from P. acutifolius and P. vulgaris Multiple fields (n=7 for each cell type in each treatment and plant genotype) were examined using printed transmission electron micrographs of sections stained with anti-bZIP antibody and counterstained with 12 nm gold particle-tagged secondary antibody. Water deficit-responsive bZIP transcription factor 1397
